Genome sequences of diverse free-living protists are essential for understanding eukaryotic evolution and molecular and cell biology. The free-living amoeboflagellate Naegleria gruberi belongs to a varied and ubiquitous protist clade (Heterolobosea) that diverged from other eukaryotic lineages over a billion years ago. Analysis of the 15,727 protein-coding genes encoded by Naegleria's 41 Mb nuclear genome indicates a capacity for both aerobic respiration and anaerobic metabolism with concomitant hydrogen production, with fundamental implications for the evolution of organelle metabolism. The Naegleria genome facilitates substantially broader phylogenomic comparisons of free-living eukaryotes than previously possible, allowing us to identify thousands of genes likely present in the pan-eukaryotic ancestor, with 40% likely eukaryotic inventions. Moreover, we construct a comprehensive catalog of amoeboid-motility genes. The Naegleria genome, analyzed in the context of other protists, reveals a remarkably complex ancestral eukaryote with a rich repertoire of cytoskeletal, sexual, signaling, and metabolic modules.
INTRODUCTION
Eukaryotes emerged and diversified at least a billion years ago , radiating into new niches by taking advantage of their metabolic, cytoskeletal, and compartmental complexity. Descendants of half a dozen deeply divergent, major eukaryotic clades survive, including diverse protists along with the more familiar plants, animals, and fungi. These contemporary species retain some ancestral eukaryotic features along with novelties specific to their particular lineages. Here we report the genome sequence of Naegleria gruberi, the first from a free-living member of a major eukaryotic group that includes the pathogenic trypanosomatids. With the addition of Naegleria, five out of the six major eukaryotic clades now have genome sequence from free-living organisms. This is crucial as the genomes of obligate parasites are thought to be derived by gene loss and high sequence divergence (Carlton et al., 2007; Morrison et al., 2007) and are therefore not necessarily informative about the eukaryotic ancestor. Comparing the gene sets of diverse eukaryotes reveals thousands of genes present early in eukaryotic evolution and also provides a new understanding of Naegleria's remarkable versatility.
Naegleria gruberi is a free-living heterotrophic protist commonly found in both aerobic and microaerobic environments in freshwater and in moist soils around the world (De Jonckheere, 2002; Fulton, 1970 Fulton, , 1993 . Its predominant form is a 15 mm amoeba that can reproduce every 1.6 hr when eating bacteria. Yet Naegleria is best known for its remarkably quick (<1.5 hr) differentiation from amoebae to transitory streamlined flagellates with two anterior 9+2 flagella (Figure 1) (Fulton, 1993) . This change includes de novo assembly of an entire cytoplasmic microtubule cytoskeleton, including canonical basal bodies ( Figure 1) (Fulton, 1993) . Naegleria also forms resting cysts, which excyst to produce amoebae (Fulton, 1970) . Amoebae divide with neither nuclear envelope breakdown nor centrioles (Fulton, 1993) .
Naegleria belongs to Heterolobosea, a major eukaryotic lineage that, together with the distantly related Euglenozoa (which include parasitic trypanosomes) and Jakobid flagellates, comprise the ancient and ecologically diverse clade termed ''JEH'' for Jakobids, Euglenozoa, Heterolobosea (Figure 2 ) (Rodriguez-Ezpeleta et al., 2007) . Within Heterolobosea, the genus Naegleria encompasses as much evolutionary diversity as the tetrapods (based on rDNA divergence; Fulton, 1993) and includes the ''brain-eating amoeba'' N. fowleri, which, although usually free-living in warm freshwater, is also an opportunistic pathogen that can cause fatal meningoencephalitis in humans (Visvesvara et al., 2007) .
Although the position of the root of the eukaryotic tree remains controversial, three major hypotheses have emerged ( Figure 2 and Text S1) (Ciccarelli et al., 2006; Hampl et al., 2009; Stechmann and Cavalier-Smith, 2002) . In each hypothesis, Naegleria represents a critical taxon for comparative studies, alternately by being the first sequenced amoeboid bikont (Figure 2 , Root A), by allowing analysis of free-living descendants of an early common ancestor (Figure 2 , Root B), or by allowing analysis of free-living descendants of every major eukaryotic group via uniting JEH and POD (a monophyletic group encompassing Parabasalids, Oxymonads, and Diplomonads) into the Excavates (Figure 2 , Root C).
By parsimony, features shared between Naegleria and another major eukaryotic group likely existed in their common ancestor. These features would have been present early in eukaryotic evolution (i.e., before the divergence of the major eukaryotic groups that share those features; Figure 2 ) and perhaps in the ancestor of all eukaryotes. For example, Naegleria and humans (members of opisthokonts) diverged early (Figure 2 inset, green highlighting), so their common features were likely present by this time. (Lateral gene transfer [ LGT] between eukaryotes may be the source of some shared genes, yet it is infrequent; Keeling and Palmer, 2008.) What was the core eukaryotic gene repertoire and how did it arise and diversify? To date, eukaryotic genome sequencing has focused on opisthokonts and multicellular plants, as well as obligate parasitic protists (which tend to be genomically streamlined), although a number of free-living protists have been sequenced (e.g., Dictyostelium [Eichinger et al., 2005] , Thalassiosira [Armbrust et al., 2004] , Tetrahymena [Eisen et al., 2006] , Paramecium [Aury et al., 2006] , Chlamydomonas [Merchant et al., 2007] ). Several of these free-living protists are descendants of additional symbiosis events, so gene transfer from organellar to nuclear genomes may obscure gene ancestry. Previous phylogenomic comparisons of eukaryotes have been limited to species from two or three major groups (centered on opisthokonts and plants) (Hartman and Fedorov, 2002; Tatusov et al., 2003) . Our genomic analysis includes all six major eukaryotic groups with genome sequences (circled ''G''s in Figure 2 ): opisthokonts, amoebozoa, plants, chromalveolates, JEH (now including free-living Naegleria), and POD (in which all sequenced species are obligate parasites). Analyses of individual genome sequences have tended to focus on known genes and protein domains in single taxa. Our analysis identifies both known and unknown eukaryotic gene families, begins to map out previously unexplored areas of eukaryotic biology, and highlights gene loss in every major lineage. Furthermore, we substantially extend the idea that early eukaryotes possessed extensive trafficking, cytoskeletal, sexual, metabolic, signaling, and regulatory modules (Dacks and Field, 2007; Eichinger et al., 2005; Merchant et al., 2007) . We also generate a catalog of genes specifically associated with amoeboid motility and identify an unusual capacity for both aerobic and anaerobic metabolism. Most importantly, the degree to which diverse gene families are shared among diverse major groups reveals an unexpectedly complex and versatile ancestral eukaryote.
RESULTS AND DISCUSSION
Naegleria Genome Sequence and Gene Set We assembled the 41 million base pair N. gruberi genome from $8-fold redundant coverage of random paired-end shotgun sequence using genomic DNA prepared from an axenic, asexual culture of the NEG-M strain (ATCC 30224) (Fulton, 1974) (Table 1) . Naegleria has at least 12 chromosomes ( Figure S1A ) and only 5.1% repetitive sequence (Extended Experimental Procedures and Table S1 ). The genome is a mosaic of heterozygous and homozygous regions ( Figure S1A ). Heterozygous Naegleria amoebae move along a surface with a large blunt pseudopod. Changing direction (arrows) follows the eruption of a new, usually anterior, pseudopod. Naegleria maintains fluid balance using a contractile vacuole. The nucleus contains a large nucleolus. The cytoplasm has many mitochondria and food vacuoles that are excluded from pseudopods. Flagellates also contain canonical basal bodies and flagella (insets). Basal bodies are connected to the nuclear envelope via a single striated rootlet. See also Tables  S7, S12, S13, and Text S2. regions showing two distinct haplotypes are found across 71% of the assembly, with a mean single-nucleotide polymorphism frequency of 0.58%. The geometric distribution of variation in these polymorphic regions ( Figure S1D ) is consistent with the two haplotypes being randomly sampled from an interbreeding 
Consensus Cladogram of Selected Eukaryotes
Consensus cladogram of selected eukaryotes relevant to our comparative analyses, highlighting six major groups with widespread support in diverse molecular phylogenies (Burki et al., 2008; Rodriguez-Ezpeleta et al., 2007; Yoon et al., 2008) . The dotted polytomy indicates uncertainty regarding the order of early branching events. Representative taxa are shown on the right, with glyphs indicating flagellar and/or actin-based amoeboid movement. Although commonly referred to as ''amoeboid,'' Trichomonas does not undergo amoeboid locomotion. The inset depicts three contending hypotheses for the root. Root A: early divergence of unikonts and bikonts (Stechmann and Cavalier-Smith, 2002) . Root B: the largely parasitic POD lineage branching first, followed by JEH (including Naegleria) (Ciccarelli et al., 2006) . Root C: POD and JEH uniting to form the ''Excavates'' (Supplemental Information). The branches connecting Naegleria to humans are highlighted in green, with a black triangle indicating their last common ancestor. See also Text S1. Figure S1 and Tables S1, S2 , S3, S8, S9, and S10. ND, not determined.
population (Nordborg, 2003) . This implies a history of sexual recombination, despite recent clonal propagation in the laboratory. The remaining 29% of the genome comprises segments of up to hundreds of kilobases with little or no polymorphism. Assuming these homozygous regions are identical by descent, they could plausibly have arisen by gene conversion and/or inbreeding. Superimposed on the probable sexual history suggested by the geometric distribution of polymorphic variation, a genome duplication occurred in culture (Fulton, 1970 (Fulton, , 1974 , making NEG-M formally tetraploid. In addition to its nuclear genome, NEG-M has $4000 copies of a sequenced extrachromosomal plasmid that encodes rDNA (Clark and Cross, 1987; Maruyama and Nozaki, 2007) and a 50 kb mitochondrial genome (GenBank accession number AF288092).
We predicted 15,727 protein-coding genes spanning 57.8% of the genome by combining ab initio and homology-based methods with 32,811 EST sequences (Tables S2 and S3 ). The assembly accounts for over 99% of the ESTs, affirming its near completeness. Nearly two-thirds (10,095) of the predicted genes are supported by EST, homology, and/or Pfam evidence. The remaining 5632 genes may be novel, diverged, poorly predicted, or have low expression.
At least 191 Naegleria genes (1%) have homology to bacterial and/or archaeal but not eukaryotic genes, making them candidates for LGT (or loss in other eukaryotic lineages). The number of potential LGT events is not unusual for free-living or parasitic protists (Armbrust et al., 2004; Berriman et al., 2005; Eichinger et al., 2005; Morrison et al., 2007) . Phylogenetic analysis placed 45 of the Naegleria sequences in a prokaryotic clade with good bootstrap support, consistent with LGT from prokaryotes (yet coming from multiple phyla; Table S4 ). Although most LGT candidate genes have unknown function, several have predicted metabolic function (including a molybdopterin/thiamine biosynthesis family protein) (Table S4 ).
Cellular Hallmarks of Eukaryotes
Naegleria has many of the key features that distinguish eukaryotic cells from Bacteria and Archaea (Text S2). These features include complete actin and microtubule cytoskeletons (Tables  S5 and S6 and Figure S4 ), extensive meiotic, DNA replication, and transcriptional machinery (Tables S7, S8 , S9, and S10 and see below), calcium/calmodulin-mediated regulation (Table S11) , transcription factors (Iyer et al., 2008) , endosymbiotic organelles (mitochondria), and organelles of the membrane-trafficking system (although it lacks visible Golgi, Naegleria contains the required genes; Dacks et al., 2003;  Table S12 ). Additionally, Naegleria contains thousands more spliceosomal introns than parasitic JEH species such as Trypanosoma brucei (Table 1) , which is consistent with other reports of parasitic JEH and POD taxa losing introns (Archibald et al., 2002; Slamovits and Keeling, 2006a ). Naegleria's introns include those in precisely orthologous positions in species from other eukaryotic groups (Text S2). The coding potential of the Naegleria genome clearly supports the early origin of all these eukaryotic hallmarks.
The sexuality of some protists, including N. gruberi, remains enigmatic. Although many protists appear asexual, recent studies have indicated that most meiosis-specific genes were already present in the last common ancestor of all eukaryotes (Ramesh et al., 2005) . These genes are present in Naegleria as well (Table S7 ). Strain NEG-M, and its parent NEG, have been maintained in the laboratory since 1967 without observing any sign of sex. However, NEG-M's heterozygosity suggests that N. gruberi NEG is the product of a mating. NEG is one of a cluster of independent globally distributed isolates with consistent heterozygosity for electrophoretic variants of several enzymes (Robinson et al., 1992) , a pattern that suggests asexual propagation of a widespread ''natural clone'' rather than frequent sexual recombination (Tibayrenc et al., 1990) . The heterozygosity found in Naegleria is typical of a sexual organism, with perhaps infrequent matings. Additionally, identification of the core RNAi machinery indicates that Naegleria may use this mechanism (Table S13 ). Perhaps these results will encourage the discovery of conditions that induce sexuality or RNAi in N. gruberi and thus bring genetic analysis to this organism.
Metabolic Flexibility
Like many microbial eukaryotes, Naegleria oxidizes glucose, various amino acids, and fatty acids via the Krebs cycle and a branched mitochondrial respiratory chain using oxygen as a terminal electron acceptor ( Figure S2 ; Table S14 ; Text S3). However, Naegleria's genome also encodes features of an elaborate and sophisticated anaerobic metabolism ( Figure 3 ; Figure S2 ; Text S3) including (1) substrate-level phosphorylation reactions of the type commonly found in microaerophilic eukaryotes such as Entamoeba, Giardia, and Trichomonas Sanchez et al., 2000; Slamovits and Keeling, 2006b; van Grinsven et al., 2008) ; (2) an ability to use fumarate as an electron sink; and (3) genes encoding an Fe-hydrogenase and its associated maturation system. Naegleria's anaerobic and aerobic metabolism parallels the recently discovered metabolic flexibility of another soil/pond dweller, the free-living alga Chlamydomonas ( Figure S2 ) (Atteia et al., 2006; Mus et al., 2007) . These protists likely use their metabolic flexibility to take advantage of the intermittent hypoxia common to muddy environments (Mus et al., 2007) .
Naegleria's branched mitochondrial respiratory chain ( Figure S2 ; Table S14) suggests that the organism is capable of oxidative phosphorylation. Many complex I subunits (NADH: ubiquinone oxidoreductase) are encoded by the mitochondrial genome (GenBank accession number NC_002573), but electrons can also be transferred to ubiquinone by two alternative NADH isoforms, succinate dehydrogenase (complex II) and electron transferring flavoprotein ( Figure S2 ). Two terminal oxidases (cytochrome c oxidase and alternative oxidase) catalyze the reduction of oxygen to water. Surprisingly, we predict that Naegleria's Fe-hydrogenase and three associated maturases contain N-terminal mitochondrial transit peptides (Table S15 ), suggesting that Naegleria is capable of mitochondrial hydrogen production. Fe-hydrogenases are oxygen-sensitive enzymes, strongly suggesting that Naegleria only produces hydrogen anaerobically. Whereas organisms with authenticated organellar Fe-hydrogenases have an accompanying maturation system (e.g., Trichomonas vaginalis [Putz et al., 2006] and Chlamydomonas reinhardtii [Posewitz et al., 2004] ), organisms with cytosolic Fe-hydrogenase (e.g., Entamoeba histolytica and Giardia lamblia) do not (Putz et al., 2006) . Therefore, the prediction of an Fe-hydrogenase maturation system in Naegleria provides further evidence that the hydrogenase is organellar (discussed further in Text S3). We know of no other mitochondrion combining such a complete repertoire of genes for both classic aerobic respiration and predicted anaerobic hydrogen production.
Diverse lineages of anaerobic eukaryotes possess mitochondrion-derived organelles (Embley, 2006) . These organelles may have additional anaerobic metabolic capabilities and are typically, relative to traditional mitochondria, missing proteins involved in oxidative phosphorylation. The recent discovery of several additional anaerobic mitochondrial-derived organelles indicates that there is a continuum of gene loss, from the mitochondria-like organelles of Blastocystis and Nyctotherus (where cytochrome-dependent respiration, and perhaps ATP synthase, appear to have been lost, but mitochondrial complex I and complex II are retained [Boxma et al., 2005; Stechmann et al., 2008] ) to mitosomes that contain only a handful of proteins (Maralikova et al., 2009 ). Naegleria's metabolically flexible mitochondrion (with both a complete traditional mitochondrial repertoire and an Fe-hydrogenase and maturation machinery) thus resides at the far end of this continuum of mitochondrial functions.
Although it is clear that mitochondrion-derived organelles have, in many cases, secondarily lost aerobic functionality, it is difficult to ascertain whether their anaerobic functions are ancestral or adaptive. For example, although Naegleria and chytrid fungi Fe-hydrogenases are monophyletic, eukaryotic Fe-hydrogenases are not ( Figure S5 and Hug et al., 2009 ). This suggests that organellar Fe-hydrogenases were transferred laterally into diverse anaerobic lineages. This notion is further supported by the paucity of Fe-hydrogenases in extant alpha-proteobacteria, the bacteria that gave rise to the proto-mitochondrion ). On the other hand, the conservation in all eukaryotes of an Fe-hydrogenase-related protein (Nar1 in yeast; Balk et al., 2004) strongly suggests that cytosolic Fe-hydrogenases existed early in eukaryotic biology. Although lateral gene transfer is a likely source of some organellar iron hydrogenases (e.g., ciliate Fe-hydrogenases; Boxma et al., 2007) , other organellar Fe-hydrogenases could have arisen via retargeting of an ancestrally cytosolic Fe-hydrogenase. If the first eukaryotes lived in environments with dramatic fluctuations in oxygen tension, such retargeting would aid mitochondrial redox homeostasis.
Although Naegleria's energy metabolism is flexible, the organism lacks several biosynthetic pathways found in most free-living eukaryotes and some parasitic taxa (Table S16; Text  S3 ). This fits with Naegleria's nutritional requirements (including auxotrophy for methionine, purine, heme, and 19 other components that define an axenic medium; Fulton et al., 1984) and reflects the importance of Naegleria's microbial predation for PEP Glucose Glu-6-P Fru-6-P Fru-1, 6-P Glycolysis Likely fermentation pathways used by N. gruberi under hypoxic or anoxic conditions are shown. Solid arrows indicate individual enzyme-catalyzed reactions, noting key nucleotide or coenzyme interconversions. Predicted fermentation end-products are colored red. We cannot predict whether a NADH dehydrogenase transfers electrons directly from NADH for H 2 production (shown) or if electrons are transferred from NADH to 2Fe-2S ferredoxin first ( Figure S2 ). The HydE, HydF, and HydG Fe-hydrogenase maturation components (orange) are predicted to be mitochondrially targeted. Question marks indicate uncertainty regarding whether (lower center) an active mitochondrial complex I (mcI) pumps protons across the mitochondrial inner membrane, (lower right) a proton motive force is used for ATP generation, (upper right) ATP hydrolysis is used to generate mitochondrial membrane potential, and additionally (lower left), the cosubstrate used by soluble fumarate reductase. See also Figure S2 and Figure S5 , Tables S14, S15, and S16, and Text S3. obtaining these nutrients. However, the lack of cytoplasmic (type I) fatty acid biosynthesis genes in Naegleria and Dictyostelium is particularly surprising, as both amoebae can grow without exogenous lipids (Franke and Kessin, 1977; Fulton et al., 1984) . Both amoebae do contain multiple fatty acid elongases indicative of type III fatty acid synthesis, suggesting that the type III pathway substitutes for the missing type I pathway in Naegleria. This also implies a wider phylogenetic distribution of a pathway previously limited to trypanosomes (Lee et al., 2006 (Lee et al., , 2007 .
Conserved Amoeboid-and Flagellar-Motility Genes in the Eukaryotic Ancestor Flagellar motility is found in every major eukaryotic group (Figure 2 ) and is undoubtedly an ancestral feature (CavalierSmith, 2002). As actin-based amoeboid locomotion is found in many diverse eukaryotic lineages, this form of motility likely arose early in eukaryotic evolution, perhaps even in the eukaryotic ancestor (depending on the position of the eukaryotic root, Figure 2 ) (Cavalier-Smith, 2002; Fulton, 1970) . By searching for genes present only in organisms that possess each type of locomotion (e.g., genes found in organisms with flagella and missing from organisms without flagella), we identified sets of genes enriched in functions specific to flagellar motility (flagellarmotility-associated genes [FMs]) or amoeboid motility (amoeboid-motility-associated genes [AMs]) (Figure 4 ). These phylogenetic profiles (Li et al., 2004) exclude genes that are used both for motility and other processes (e.g., alpha-tubulin, which is used in flagella but also mitotic spindles) and will also include some false positives. Naegleria's repertoire of 173 FMs is consistent with its typical eukaryotic flagellar structure (Dingle and Fulton, 1966) (Figure 1 ). FMs also include proteins required for basal body assembly, flagellar beating, intraflagellar transport, and 36 novel flagella-associated genes (Table S17) .
Here we present a catalog of proteins specifically associated with amoeboid motility. The actin cytoskeleton enables amoeboid motility and diverse cellular processes including cytokinesis, endocytosis, and maintenance of cell morphology and polarity. We identified 63 gene families (AMs) 
. Phylogenetic Distribution of Selected Genes Associated with Ameboid Motility and Flagellar Motility
We show the presence (green) or absence (white) of genes listed at bottom in species indicated on the left (except for Amoebozoans because AM proteins must be present in at least one of Dictyostelium and Entamoeba). Glyphs at the side indicate species with flagellar and/or actin-based amoeboid locomotion. S.S.R., sphingomyelin-synthaserelated protein. See also Figure S4 and Tables S5, S6 , S17, S18.
( Table S18 ). By definition, the AM list does not include proteins that also play a role in nonmotile functions, such as actin, Arp2/3 (which nucleates actin filaments), or other general actin cytoskeletal components, as these genes are found across eukaryotes regardless of their capacity for amoeboid locomotion. Nineteen AMs have unknown function but are strongly implicated in actin-based motility (Table S18 ).
The AMs include several genes thought to keep pseudopod actin filaments densely packed, highly branched, and properly positioned. For example, the Arp2/3 activator WASH (AM5) is proposed to activate actin filament formation in pseudopodia (Linardopoulou et al., 2007) . The actin-binding protein twinfilin (AM4) affects the relative sizes of functionally distinct pseudopodial subcompartments (Iwasa and Mullins, 2007) . Filamin (AM3) stabilizes the three-dimensional actin networks necessary for amoeboid locomotion (Flanagan et al., 2001) . Drebrin/ABP1 (AM2) aids in membrane attachment of actin filaments during endocytosis in yeast (Toret and Drubin, 2006) and could also function in cell migration (Peitsch et al., 2006; Song et al., 2008) . The inclusion of both twinfilin and drebrin/ABP1 in the AMs argues that the actin patches formed during yeast endocytosis could have evolutionary origins in amoeboid motility.
Our analysis also suggests a role for the lipid sphingomyelin in amoeboid motility. AMs include a sphingomyelin-synthaserelated protein (AM16) and saposin-B-like protein (AM17), which may activate sphingomyelinase. (Sphingomyelinase is not in the AM set because it is found in the non-amoeboid Paramecium; Figure 4 .) As sphingomyelin is enriched in the pseudopodia of human amoeboid cells (Jandak et al., 1990) , we suggest that it (or perhaps a family of related ceramides) may contribute to motility via structural differentiation of the membrane, or as a second messenger in signaling pathways.
Signaling Complexity
The genome encodes an extensive array of signaling machinery that likely orchestrates Naegleria's complex behavior. This repertoire includes entire pathways not found in parasitic protists ( Figure 5 ), as well as at least 265 predicted protein kinases, 32 protein phosphatases (Table S11) , and 182 monomeric Raslike GTPases. For example, Naegleria has 30 putative hybrid histidine kinases and 6 response receiver domain proteins, whereas T. brucei, Giardia, and Entamoeba have none (Berriman et Many organisms sense their environment via membranebound adenylate/guanylate cyclases. Naegleria contains at least 108 cyclases-almost twice that found in the human genome ( Figure S3 )-although the reason for this abundance remains puzzling. Nearly half contain PAS signal-sensing domains and four are paired with NIT domains that are used by bacteria to sense nitrate and nitrite concentrations (Shu et al., 2003) . Four cyclases also have BLUF domains, a domain combination used by Euglena for photoresponsive behavior (Ntefidou et al., 2003) . Naegleria might have subtle photoresponsive behavior or use BLUF domains for redox sensing.
Inferring the Protein Complement of the Eukaryotic Ancestor
What genes were present in the common ancestor of all eukaryotes? Prior inventories of ancestral eukaryotic genes have been based on two or three eukaryotic groups (Hartman and Fedorov, 2002; Tatusov et al., 2003) . This limited sampling, and the limited availability of free-living protist genome sequences, may have significantly underestimated the protein complement of the eukaryotic common ancestor. We used 17 genomes from all six major groups and constructed 4133 ancient eukaryotic gene families, requiring (1) a minimum of one Naegleria protein and two orthologs and (2) one ortholog from another major eukaryotic group. These ancient gene families are conceptually similar to KOGs (eukaryotic clusters of orthologous groups), which were Figure 5 . Naegleria Signaling Modules
The Naegleria genome encodes GPCR and histidine kinase signaling, two modules missing in some parasites (dotted boxes). Predicted numbers of proteins are indicated. RGS, regulator of G protein signaling; GEF, guanine nucleotide exchange factor; GAP, GTPase-activating protein; PDE, phosphodiesterase; A/G cyclase, adenylate/ guanylate cyclase; PLC-beta, phopholipase-C beta; IP3, inositol-1,4,5-triphosphate; PIP2, phosphatidylinositol-4,5-bisphosphate; PIP3, phosphatidylinositol-3,4,5-triphosphate; PTEN, phosphatase and tensin homolog; PI3K phosphatidylinositol-3-OH kinase. See also Figure S3 , Table S11 , and Text S4.
based on genes shared between several opisthokonts ( Figure 2 ) and Arabidopsis (Tatusov et al., 2003) .
By including proteins from species in more diverse groups (i.e., in addition to plants and opisthokonts) as well as Naegleria, we added 1292 ancient eukaryotic gene families to the KOG analysis. Four hundred and eighty-one of these additional ancient families also lack Pfam domains. This implies that these families encode deeply conserved, but as yet undetermined, biological activities. Further, these 481 ancient families are broadly conserved, with 45% present in at least five of the six major eukaryotic groups (Table S19) . As the number of major eukaryotic groups represented in an ancient protein family increases, we become more confident that the gene was present in the eukaryotic ancestor. The majority (92%) of the 4133 ancient gene families are present in at least three eukaryotic groups, and nearly half (1983) of the ancient gene families are present in all five major eukaryotic groups that include a genome sequence from a free-living species (Figure 2 ). This estimate of the core eukaryotic gene repertoire is conservative, as it does not include ancestral genes lost from Naegleria or genes whose sequence evolution prevents us from detecting homology.
Although pronounced gene loss from parasitic lineages has been well described Morrison et al., 2007) , loss of gene families from entire major eukaryotic groups has not been investigated on a genome-wide scale. Compared to the JEH group, other major lineages have lost 16% to 59% of the 4133 ancient gene families, with substantially more losses observed in parasitic lineages (Table S20) . Losses also likely occurred in the JEH lineage, as 1139 KOGs are not found in JEH. Being the closest sequenced free-living organism to the parasitic trypanosomes, the genome of Naegleria provides new insight into the evolution of major pathogens such as Trypanosoma brucei, which has lost 2424 ancient eukaryotic families (Table S20) . Because all sequenced organisms (including Naegleria) have lost genes, sequencing more genomes (particularly those of free-living species from groups where only parasitic taxa have been sequenced, e.g., POD) will likely reveal additional ancient gene families.
Origin of Eukaryotic Genes
Which of these ancient gene families are shared with Archaea and/or Bacteria, and which are specific to eukaryotes? To investigate the origin of ancient eukaryotic gene families, we compared each of the 4133 families to prokaryotic (archaeal and bacterial) protein sequences. Approximately 57% (2361) have clearly recognizable homologs in prokaryotes and therefore arose before the emergence of eukaryotes (and possibly were transferred to eukaryotes from the mitochondrial genome) (''ancient''; Figure 6A ). Conversely, 40% (1421) appear to be novel to the eukaryotic lineage, with no detectable homology in prokaryotic genomes (''novel,'' Table S21 ). A similar analysis that required presence in the parasite Giardia found only 347 eukaryotic signature proteins (Hartman and Fedorov, 2002) . The 1421 novel eukaryotic genes emerged in recognizably modern form early in eukaryotic history, if not on the eukaryotic stem, and likely encode much of what is needed to be a eukaryote. The novel protein set is most enriched in functions relating to intracellular trafficking, signal transduction, ubiquitin-based protein degradation, and, to a lesser extent, cytoskeletal and RNA-processing genes ( Figure 6B ). About 40% of protein families in the eukaryotic lineage are novel compared to prokaryotes. In contrast, only about 20% of protein families in Metazoa are novel relative to other eukaryotes ( Figure 6A ) (Putnam et al., 2007) . The larger fraction of eukaryotic novelties (compared to metazoan novelties) may reflect the magnitude of change accompanying the transition to early eukaryotes, whether eukaryotes arose from bacterial/archaeal ancestors or another ancestral life form (Hartman and Fedorov, 2002; Kurland et al., 2006) . In addition to de novo inventions, 232 eukaryotic proteins arose by evolutionary tinkering such as domain addition. The proteins in 140 families (Table S22 ) share a domain with the prokaryotic homolog but have gained a novel eukaryoticspecific domain (''additions''). An example is the addition of a eukaryotic poly(A)-binding domain to a RNA-recognition motif that is also present in prokaryotes (Mangus et al., 2003) . An additional 92 families (Table S23) Animal protein families
Figure 6. Ancient Origin and Innovation in Eukaryotic Proteins
Schematics of the four scenarios of protein origin we consider are along the bottom and color-coded in the charts: ancient (blue), novel (green), addition of a eukaryote-specific protein domain (orange), and eukaryotic-specific fusion of two domains (red). The protein families that could be categorized are presented in (A) overview pie charts comparing the origins of protein families in ancient eukaryotes (top) and animals (bottom, from Putnam et al., 2007) and (B) stacked barcharts showing subsets of the ancient eukaryotic families divided by KOG function, omitting unknown and general KOG functions. prok, prokaryotic (i.e., archaeal and/or bacterial); euk, eukaryotic; Post-trans., post-translational. See also Tables S4, S19 , S20, S21, S22, and S23.
a previously described example of an archaeal DNA ligase that combined with a BRCT domain in eukaryotes (Bork et al., 1997) .
Concluding Discussion
Evolutionary biologist George Gaylord Simpson presciently claimed that ''All the essential problems of living organism [s] are already solved in the one-celled . protozoan and these are only elaborated in man'' (Simpson, 1949 ). Simpson's intuition runs counter to the long-held view that a great gulf separates ''simple'' or ''lower'' unicellular protists from ''higher'' multicellular organisms. By comparing eukaryotic genomes across a greater evolutionary span than previously possible (Figure 2 ), the genome of Naegleria reveals unexpectedly rich versatility in early eukaryotic ancestors, as well as highlighting losses in parasites. Naegleria's numerous introns, complex DNA and RNA metabolism, flexible metabolic and signaling capabilities, and capacity for both amoeboid and flagellar motility provide direct genomic evidence for the early evolution of molecular hallmarks of so-called ''complex'' eukaryotes. These extensive capabilities were required by the long-extinct common ancestor and are still needed for Naegleria's versatility as a free-living, predatory cell, able to assume radically distinct phenotypes and to live in diverse environments. In Simpson's sense, it was a giant step to an amoeba, yet a small step to man.
EXPERIMENTAL PROCEDURES
See the Extended Experimental Procedures for further details of all procedures.
Genome Sequencing, Assembly, Annotation We sequenced genomic DNA from an axenic culture of Naegleria gruberi strain NEG-M (ATCC 30224) grown from a frozen stock. The draft N. gruberi assembly was generated from paired-end whole-genome shotgun sequence at 8 3 coverage using v. 2.9 of the assembler JAZZ. 15,727 gene models were predicted by combining EST, homology, and ab initio data and annotated using the JGI annotation pipeline.
Curation of Genes Associated with Cellular Functions
Naegleria homologs of proteins involved in cellular processes were identified by BLAST and PFAM searches using published proteins as queries.
Determining Lateral Gene Transfer
We added homologs to Naegleria proteins that have homology to prokaryotes but not eukaryotes and built phylogenetic trees to assess the evolutionary origin of these proteins.
Construction of Protein Families
To create protein families, we BLASTed (Altschul et al., 1990 ) each of the 15,727 protein sequences in Naegleria to all protein sequences in a wide range of eukaryotes and a cyanobacterium, then generated ortholog pairs (mutual best BLAST hits with E value < 1E-10) consisting of one Naegleria protein and a protein from another organism. Paralogs from a given organism were added whenever a paralog's p-dist (defined as 1 À the fraction of identical amino acids in the two proteins' alignment) from the putative ortholog in the same organism was less than a certain fraction (0.5 for comparisons between two eukaryotes and 0.1 for Naegleria and the cyanobacterium) of the p-dist between the two orthologs in the pair. Lastly, all sets of two orthologs plus paralogs were merged if they contained the same Naegleria protein. We created 5107 families of homologous proteins, plus 8 families restricted to Naegleria and the cyanobacterium Prochlorococcus.
Inferring the Protein Complement of the Eukaryotic Ancestor
We identified a subset of 4133 ancient eukaryotic gene families that contain a minimum of one Naegleria protein and two orthologs and also required at least one of the orthologs to be from another major eukaryotic group. To predict protein function where possible, we assigned majority rule KOG annotations (Tatusov et al., 2003) to each family in two steps. First, each protein in the family was searched against the KOG sequence database (Tatusov et al., 2003) with RPS-BLAST (Altschul et al., 1990 ) and the best hit with E value < 1E-5 was retained. (This slightly relaxed E value was chosen because Naegleria's protein sequences are divergent and the value had worked well compared to more stringent cutoffs for assigning PFAMs.) Second, if the commonest KOG annotation in a protein family was in at least half the proteins in a family, that KOG was assigned to the family.
Although it is possible that an ancestral eukaryotic protein could be present in more than one eukaryotic group due to inter-eukaryotic lateral gene transfer, this process is rare (Keeling and Palmer, 2008) . In addition, 92% of the 4133 ancient eukaryotic gene families are present in at least three major eukaryotic groups making lateral gene transfer unparsimonious in most scenarios.
The Origin of Eukaryotic Genes
To ask whether each of the 4133 ancient eukaryotic protein families (see above) had been inherited from prokaryotes (i.e., from Archaea/Bacteria), were eukaryotic inventions, or were some combination of these two scenarios, we first constructed a ''centroid'' sequence for each ancient protein family, defined as the hypothetical protein sequence that maximizes the sum of BLAST alignment scores between the centroid and the protein sequences in the family. Thus, each centroid sequence acts as a proxy for the ancestral protein sequence. We next made a set of all prokaryotic (taxonomy ID = 2 [Bacteria] or 2157 [Archaea]) proteins in the UniRef90 protein database (Benson et al., 2009 ) and searched these proteins for homology (E value < 1E-6) to each centroid sequence. If the centroid sequence had no hit to a prokaryotic protein it was classified as eukaryotic specific ( Figure 6A , ''novel''). We found 1421 such ''novel'' protein families.
In the following classification steps, we compared Pfam domain annotations in the eukaryotic centroid and prokaryotic sequences. We classify protein families as ''ancient'' if the centroid and the best hitting prokaryotic protein meet any of the following criteria: (1) neither sequence has a Pfam (Finn et al., 2008) domain; (2) the two sequences have the same combination of pairwise domains; (3) the two sequences have another simple pattern of domain gain/loss that does not imply novelty in the eukaryotic lineage. This class of ancient proteins has 2361 protein families. The remaining protein families showed some degree of innovation in eukaryotes relative to their prokaryotic homologs. The first class had no homologs in prokaryotic genomes (1421 ''novel'' families, Table S21 ). The second class had extra eukaryoticspecific domain(s) (140 ''addition'' families, Table S22 ). The third class had been formed by the fusion in eukaryotes of multiple ubiquitous domains into a single polypeptide (92 ''fusion'' families, Table S23 ). Some proteins showed domain innovations in both the second and third classes, in which case the commonest type of innovation was chosen. Ties were left unclassified and joined the remaining 119 families with more complex evolutionary patterns. These proteins showed for example evidence of evolutionary splitting of multidomain prokaryotic polypeptides into different proteins in eukaryotes, conceptually the opposite of the ''fusion'' category.
Majority rule KOGs were assigned as described above ( Figure 6B ).
Generation of Flagellar-Motility-Associated Proteins
Genes associated with flagellar function have been identified by phylogenetic profiling (Avidor-Reiss et al., 2004; Li et al., 2004; Merchant et al., 2007) . We generated a list of proteins associated with flagellar function by searching the Naegleria protein families (see above) for those that contain proteins from organisms with flagella (Naegleria, Chlamydomonas, and human) and none from organisms lacking flagella (Dictyostelium, Neurospora, Arabidopsis, and Prochlorococcus). This analysis resulted in 182 Naegleria proteins in 173 families (Table S17) , which we named FMs (flagellar-motility-associated proteins).
Generation of Amoeboid-Motility-Associated Proteins
We used phylogenetic profiling (see above) to generate a catalog of proteins associated with amoeboid motility. We searched the Naegleria protein families (see above) for those that contain proteins from organisms that undergo amoeboid movement (Naegleria, human, and at least one Amoebozoan [Dictyostelium or Entamoeba]) but not organisms that have no amoeboid movement (Prochlorococcus, Arabidopsis, Physcomitrella, Diatom, Paramecium, Trypanosome, Giardia, Chlamydomonas) (Table S18) .
ACCESSION NUMBERS
The genome assembly, predicted gene models, and annotations have been deposited at DDBJ/EMBL/GenBank under accession number ACER00000000. 
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